Objective: Recent experimental work in mice has demonstrated that leptin is synthesized by muscle cells. As this latter tissue is the main target for insulin-estimulated glucose disposal, we hypothesized that the muscular and fat-free mass (FFM) compartments might influence serum leptin levels in humans through increased insulin resistance. Design and methods: We evaluated body composition (through bioelectric impedance and anthropometrical parameters), insulin resistance (using the fasting insulin resistance index (FIRI) and insulin sensitivity (S I ) from the minimal model analysis) and leptin levels in 140 men and 114 women. Results: Serum insulin, FIRI and leptin levels were significantly increased in men in the highest quintile of FFM. Leptin levels positively correlated with FFM in men (r = 0.24, P = 0004) but not in women (r = 0.02, P = not significant). With weight gain, however, approximately 25% of the additional weight is lean mass, so that obese people have higher fat-free mass than lean people. Hence, we performed a multiple linear regression analysis in a stepwise manner to predict leptin levels, in which fat mass (FM), FFM, and FIRI, but not age or waist-to-hip ratio (WHR) independently contributed to 32%, 6% and 3% of the variance in serum leptin levels in men. In women, FM (49%), FIRI (3.6%) and WHR (2.4%), but not FFM or age explained this variance. In a sample of 40 subjects, S I and leptin correlated with midarm muscle circumference (r = ¹0.51, P = 0.03 and r = 0.53, P = 0.02) and mid-arm muscle area (r = ¹0.52, P = 0.03 and r = 0.53, P = 0.02) in men (n = 17) but not in women (n = 23). Conclusions: The fat-free mass compartment contributes to the variability of serum leptin levels in men. Whether insulin resistance at this level mediates an increased production of leptin merits further research.
Introduction
Leptin, the protein encoded by the obese (ob) gene, is synthesized and released in response to increased energy storage in adipose tissue. In the long term, plasma leptin levels tend to increase in parallel with adipose stores and are strongly correlated with body fat mass (1) . However, the large variation in circulating leptin concentrations at similar levels of adiposity indicates that factors other than fat mass may be important in regulating serum leptin (1) .
Leptin concentrations are significantly lower in lean insulin-sensitive than in insulin-resistant men despite identical body composition (2) . The association between insulin resistance and elevated leptin concentrations independent of adiposity and fat distribution raises the possibility that a common biochemical mechanism leads to both insulin resistance and leptin expression.
The first evidence of inducible leptin expression in mouse skeletal muscle has recently been described (3) . Glucosamine administration induced a rapid activation of ob gene expression in skeletal muscle, although leptin messenger RNA and protein levels were much lower than those in fat. In this report, the flux of carbons through the hexosamine biosynthetic pathway has been demonstrated to regulate both insulin resistance and ob expression in vivo and in isolated skeletal muscle (3) .
We hypothesized that the body cell mass influences independently serum leptin levels through increased insulin resistance. To examine the modifications of serum leptin according to the muscular compartment, we measured different anthropometrical and metabolic parameters in a population of 254 subjects. medication or had any evidence of metabolic disease other than obesity. All subjects reported that their body weight had been stable for at least three months before the study, all were normotensive and normolipemic (data not shown).
Anthropometric measurements
All subjects were evaluated through the body mass index (BMI), calculated as weight (in kilograms) divided by height (in meters) squared, and the waist-to-hip ratio (WHR). The subjects waist was measured with a soft tape midway between the lowest rib and the iliac crest. The hip circumference was measured at the widest part of the gluteal region.
Different parameters of fat (skinfold thickness) and muscular (mid-arm muscle circumference (MAMC) and mid-arm muscle area (MAMA)) compartments were measured as previously described (4) . Fat mass (FM) and fat-free mass (FFM) were calculated using bioelectric impedance (Holtain BC Analyzer, Cambridge, UK) (5) .
Analytical methods
The serum glucose concentration was measured in duplicate by the glucose oxidase method. The serum insulin level was measured in duplicate by monoclonal immunoradiometric assay (IRMA, Medgenix Diagnostics, Fleunes, Belgium). The lowest limit of detection was 4.0 mU/l. The intra-assay coefficients of variation were 5.2% at a concentration of 10 mU/l, and 3.4% at 130 mU/l. The interassay coefficients of variation were 6.9% and 4.5% at 14 and 89 mU/L respectively.
Insulin resistance was then calculated through the fasting insulin resistance index (FIRI) = fasting glucose (mmol/l) × fasting insulin (mU/l)/25. In our experience, FIRI correlates well with the insulin sensitivity index (S I ) calculated from a frequently sampled intravenous glucose tolerance test (FSIVGTT) with minimal model analysis (r = 0.79, P < 0.0001, n = 40).
In a subset of 40 subjects of similar age and BMI (17 men, mean age 36.4 Ϯ 1.9 years; BMI 28.8 Ϯ 1.2, range 22.2-35.7; and 23 premenopausal women, mean age 35.9 Ϯ 1.4 years; BMI 28.3 Ϯ 0.8, range 19-37.9), insulin sensitivity was measured using the FSIVGTT with minimal model analysis as described elsewhere (6) . In brief, the experimental protocol started between 0800 and 0830 h after an overnight fast. A butterfly needle was inserted into an antecubital vein, and patency was maintained with a slow saline drip. Basal blood samples were drawn at ¹ 30, ¹ 10 and ¹ 5 min, after which glucose (300 mg/kg body weight) was injected over 1 min starting at time 0. Additional samples were obtained from a contralateral antecubital vein until 180 min.
Total serum cholesterol was measured through the reaction of cholesterol esterase/cholesterol oxidase/ peroxidase. Total serum triglycerides were measured through the reaction of glycerol-phosphate-oxidase and peroxidase.
Serum leptin concentrations were measured by radioimmunoassay in samples obtained after an overnight fast (Linco Research Inc. St Charles, MO, USA). The lower limit of detection was 0.5 ng/ml. Intra-and interassay coefficients of variation were < 7% and < 8% respectively. The radioimmunoassay for leptin does not present cross-reaction with human proinsulin, insulin, or glucagon.
Statistical analysis
Descriptive results of continuous variables are expressed as the mean Ϯ S.D. Before statistical analysis, normal distribution and homogeneity of the variances were tested. Parameters that did not fulfil these tests (triglycerides, leptin, FIRI, S I ) were log transformed. Men and women were divided into quintiles of fat-free mass. We used the ANOVA test for comparisons of quantitative variables among groups. Levels of statistical significance were set at P < 0.05. Statistical analyses were performed with the BMDP statistical package (BMDP Statistical Software, Cork Technology Park, Model Farm Rd, Cork, Eire).
Results
The anthropometric and biochemical characteristics of the study subjects, divided into quintiles of FFM, are shown in Tables 1 and 2. Serum insulin, FIRI and serum leptin were significantly increased in men in the highest quintile of fatfree mass, and a tendency towards higher serum triglyceride levels was observed ( Table 1) . Although men in this quintile displayed significantly increased BMI, fat mass was not significantly different (Table 1) . This means that, in men, FFM contributed more to BMI than FM. In contrast to men, insulin resistance and leptin were similar in the different quintiles of FFM in women ( Table 2) .
Leptin positively correlated with FFM in men (r = 0.24, P = 0.004) but not in women (r = 0.02, P = not significant (NS)) (Figs 1 and 2). Leptin also correlated with mid-arm muscle circumference and area (r = 0.24 and r = 0.23 respectively, P = 0.004) in men but not in women. As expected, serum leptin was strongly associated with FM (r = 0.58 and r = 0.71, P < 0.0001 in men and women respectively) and with FIRI (r = 0.48 and r = 0.53, P < 0.0001 in men and women respectively).
In men, the slopes of the curves showing the association between serum triglycerides and fasting insulin (r = 0.34, P < 0.0001), FIRI (r = 0.34, P < 0.0001), and leptin (r = 0.33, P < 0.0001) were similar. In women, triglyceride levels were more strongly associated with fasting insulin (r = 0.46, P < 0.0001) and FIRI (r = 0.45, P < 0.0001) than with leptin (r = 0.25, P =0.01). In parallel to that which was observed with insulin, FIRI and leptin, serum triglycerides correlated with FFM in men (r = 0.20, P = 0.02), but not in women (r = 0.001, P = NS).
With weight gain, approximately 25% of the additional weight is lean mass, so that obese people have a higher fat-free mass than lean people. For this reason, we performed a multiple linear regression analysis in a stepwise manner to predict leptin levels, with age, FM, FFM, WHR and FIRI as independent variables. In men, FM, FFM, and FIRI independently contributed 32%, 6% and 3% respectively to the variance in serum leptin levels (Table 3 ). In women, FM (49%), FIRI (3.6%) and WHR (2.4%), but not age or FFM, explained 55% of the variance in serum leptin (Table 3 ). Similar results were obtained when MAMC was substituted for FFM in the model.
In a sample of 40 subjects in whom insulin sensitivity (S I ) was evaluated through the minimal model method, the latter correlated negatively with FFM (r = ¹ 0.54, P = 0.02), MAMC (r = ¹ 0.51, P = 0.03) and MAMA (r = ¹ 0.52, P = 0.03) in men (n = 17) but not in women (n = 23). In this sample, leptin levels were associated with S I (r = ¹ 0.58, P = 0.01), MAMC (r = 0.53, P = 0.02) and MAMA (r = 0.53, P = 0.02) in men but not in women.
Discussion
Fat-free mass and the muscular compartment are implicated in metabolic pathways associated with insulin resistance. Very recently, Lep mRNA has been demonstrated to be induced in skeletal muscle in response to leptin itself (7) . The ability of leptin to induce its own expression in skeletal muscle was considerably augmented in calorie-restricted rats compared with ad libitum-fed rats (7) . It has been speculated that this pathway was designed selectively to augment and prolong leptin signal in this tissue. On the other hand, increased expression of tumor-necrosis factor-alpha (TNF-a) has also been demonstrated in the muscle tissue in parallel with insulin resistance (8) . TNF-a stimulates leptin secretion in cultured adipocytes and in obese mice (9, 10) . Tumor necrosis factor-a administration increases serum leptin levels in humans (11) and plasma soluble receptors of TNF-a circulate in proportion to leptin (12) . We have recently described that the plasma concentration of these soluble receptors (sTNFR2) is proportional to insulin resistance, FFM and the muscle compartment (6) . As plasma sTNFR2 levels increase during exercise (13), we have speculated that sTNFR2 might contribute to insulin resistance during acute exercise. This induction of muscle insulin resistance would allow a food-seeking behavior and would prevent the wasting of glucose to non-vital organs, thus protecting the brain. Together with the ability of leptin to increase its own muscle secretion during calorie restriction, these mechanisms probably constituted a survival advantage for our ancestors. A plethora of papers have been published correlating fasting leptin with metabolic parameters. The new data in the current manuscript pertain to the observation that fat-free mass and mid arm muscle circumference independently account for a component of individual differences in fasting leptin in men but not in women. Men in the highest quintile of FFM showed the highest BMI, FM, WHR, fasting glucose, fasting insulin and a tendency towards higher triglyceride concentrations as probable manifestations of a greater degree of insulin resistance. In experimental work, stimulation of leptin synthesis was reproduced by either hyperglycemia or hyperlipidemia (3) , which also increased the hexosamine biosynthetic pathway. This pathway has been proposed to function as an energy-sensing device that is linked both to insulin resistance and to the stimulation of leptin gene expression and secretion (3, 7) . Our findings, however, need to be cautiously interpreted because the upper quintile of men was characterized by multiple traits, not observed in quintiles 1-4, which may augment leptin. Fasting insulin resistance index and bioelectric impedance are not state-of-the-art measures of insulin resistance and body composition respectively, but given the great number of subjects studied, the variability of these methods is minimized.
In contrast to men, insulin resistance and leptin were similar in the different quintiles of FFM in women. However, it is important to note that FFM in women in the highest quintile of FFM was comparable to men in 
Figure 1
Relationship between serum leptin (log transformed) and fat-free mass in men.
Figure 2
Relationship between serum leptin (log transformed) and fat-free mass in women. quintile 2 of FFM (see Tables 1 and 2 ). This suggests a threshold of FFM (74.9 kg, the 5th percentile for quintile 5 in men) above which this compartment contributes to circulating leptin, perhaps through increased insulin resistance. In fact, after the exclusion of men in the highest quintile, the correlation between FFM and leptin became not significant. Skeletal muscle constitutes the main target for insulin-estimulated glucose disposal. It is well known that fat-free mass constitutes, among other factors, a determinant of insulin sensitivity (14) . Differences in fat-free mass metabolism are thought to be involved in the gender-related differences in insulin sensitivity (14, 15) . We have recently reported that leptin is involved in these differences in the sense that leptin might contribute to the enhanced insulin sensitivity of women, despite the higher fat mass compared with men (16) . The influence of gonadal steroids on genderrelated metabolic differences should also be taken into account. It is tempting to speculate that leptin is secreted as an attempt to compensate insulin resistance secondary to increased FFM.
It can be argued that increased lean body mass leads to increased insulin sensitivity under many circumstances, such as following endurance or strength training. However, insulin utilizes a phosphatidylinositol 3-kinase-dependent mechanism, whereas the exercise signal is initiated by calcium release from the sarcoplasmic reticulum leading to the activation of other signaling intermediaries (17) .
In summary, the muscular compartment might contribute to circulating leptin concentrations in men. Whether insulin resistance at this level mediates an increased production of leptin merits further research.
